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WEDGE-INDUCED LAMINAR-BOUNDARY-LAYER SEPARATION ON A
FLAT PLATE IN LOW-DENSITY, HYPERVELOCITY FLOW

By John B. Anders
Langley Research Center

SUMMARY

An experimental investigation has been made of high-temperature, low-density,
hypersonic, laminar-boundary-layer separation on a flat plate with a trailing-edge flap.
Both blunt- and sharp-leading-edge models were tested at a free-stream Mach number
of 14.5, a free-stream Reynolds number of 2.5 X 104 per foot (8.2 X 104 per meter), and
a stagnation enthalpy of 2000 Btu/lbm (4.65 MJ/kg).

0Oil flow patterns indicated regions of three-dimensional flow on the model. Addi-
tion of full-length end plates resulted in a more two-dimensional flow on the model
surface.

In comparison with other higher density, laminar-separation data, boundary-layer
separation was delayed on the sharp-leading-edge model at the low-density conditions of
the present tests. Calculations indicated that merged-layer flow occurred over most of
the model.

Free-interaction parameters correlate the blunt-leading-edge plateau-pressure
data with other high Mach number data. Viscous hypersonic similitude parameters cor-
relate both blunt and sharp data and indicate that the plateau pressure depends primarily
on the viscous interaction parameter and weakly on nose bluntness.

INTRODUCTION

Boundary-layer separation ahead of control surfaces continues to be a problem
only partially predictable by present theoretical means. Entry vehicles with separation
ahead of control surfaces might obtain important changes in aerodynamic characteristics
because of large center-of-pressure shifts and higher local heating rates on certain areas
of the vehicle. These problems have an added degree of uncertainty when the flight
regime includes low-density, high-temperature, hypersonic flow where the fluid behavior
departs from that of a perfect gas. Heating rates in such a regime can easily exceed
design limitations when reattachment occurs on the control surface.



In order to avoid an excessive weight penalty from an elaborate thermal protection
system, it is desirable to know when, or whether, separation occurs on a reentry vehicle
utilizing flap-type controls and flying at hypersonic speeds at high altitudes. Although
theoretical methods have been unable to predict low-density separation of a real gas,
experimental data have provided a few of the details of such a flow (refs. 1 to 5). How-
ever many questions remain unanswered. For example, at high altitudes the boundary
layer begins to merge with the bow shock, and the inviscid region between the edge of the
boundary layer and the shock wave disappears. The question is whether, under such con-
ditions, the boundary layer separates ahead of a deflected control or simply swallows the
obstruction. Other questions involve the effects of real gases, slip flow at the wall,
leading-edge thickness, and the existence of free interaction.

The present investigation attempts to answer some of these questions.

SYMBOLS

c* = 7T

m, T
f o local skin-friction coefficient at beginning of interaction
Cp’p plateau-pressure coefficient
H stagnation enthalpy
k nose drag coefficient
Keo nose bluntness parameter, eM03k(t/x)
L plate length from nose to hinge line
M Mach number
p pressure
R gas constant
Ro,s local Reynolds number at beginning of interaction based on surface distance s
R, free-stream unit Reynolds number



R, 1, free-stream Reynolds number based on total plate length

s surface distance down model

t leading-edge thickness

T temperature

Tetd temperature at standard conditions, 491.69° R (273.16° K)
T* reference temperature, %—(1 +3 TP—V:>

Vw’L rarefaction parameter, MOO\/E’VR—OO,L

b4 longitudinal coordinate

Bo = Mo2 - 1

v ratio of specific heats

e=(y-1)/(y+1)

0 flap deflection angle

) coefficient of viscosity

w* coefficient of viscosity evaluated at reference temperature T*
)?oo’s viscous interaction parameter, Moo3‘/%,.s

— Tw\—

Xe,0 = e<0.664 +1.73 T_t>xoo,s

Subscripts:

aw adiabatic wall

o beginning of interaction



P plateau region

t stagnation condition
w model wall
0 free stream

APPARATUS AND TESTS

Test Facility

Tests were conducted in the Langley 1-foot (0.305-meter) hypersonic arc
tunnel, which uses electric-arc-heated air at a stagnation pressure of about 20 atm
(1 atm = 101 kN/m2) as the test medium. The air expands down a 5° half-angle coni-
cal nozzle to a 1-foot-diameter (0.305-m) test section where the nominal free-stream
Mach number is 14.5 and the nominal free-stream Reynolds number is 2.5 X 104 per foot
(8.2 x 104 per meter)., A detailed description of the facility is presented in reference 6.

Model

The model used in the present tests was a water-cooled flat plate with a trailing~
edge flap. The plate had a span of 4 inches (10.16 cm) and a chord of 5.5 inches
(13.97 cm) with interchangeable blunt and sharp leading edges. The hemicylindrically
blunt leading edge had a radius of 0.125 inch (0.317 cm) and the sharp leading edge had
a diameter of approximately 0.002 inch (0.0051 cm) with a 20° bevel angle on its lower
surface. Flap angles were variable from 00 to 45°; however, tunnel blockage influenced
the flow at flap angles greater than 37°. The model was fitted with two interchangeable
sets of end plates. The smaller set enclosed only a small region near the model flap
hinge line and the larger set extended the length of the model as shown in figure 1. A
photograph of the model with the blunt leading edge and the large end plates is shown in

figure 2.

Instrumentation

Model instrumentation consisted of eighteen 0.060-inch-diameter (0.152-cm) pres-
sure orifices and seven chromel-alumel thermocouples. The inside diameter of all pres-
sure tubing was increased to 0.090 inch (0.229 cm) inside the model to reduce the pres-
sure lag. The pressure tubing connected to ionization-type pressure sensors, and both
the thermocouple and ionization-gage outputs were monitored continuously on oscillograph
film recorders. Model instrumentation locations are shown in figure 3.



Test Conditions and Data Accuracy

The stagnation enthalpy, calculated by using the sonic-throat method described in
reference 7, was compared extensively with calorimeter measurements in reference 8
and found to be within +10 percent of the measured value at values of H/RTstd less than
T4, The stagnation pressure was set as high as possible in order to obtain the maximum
free-stream Reynolds number.

Nonequilibrium nozzle calculations coupled with experimental measurements were
used to determine the flow properties in the tunnel test section. Vibrational nonequilib-
rium in the nozzle was accounted for by using relaxation rates determined from electron-
beam measurements of the vibrational temperature in the test section (ref. 9). These
measurements indicated that the vibrational temperature was frozen a short distance
downstream of the throat. All chemical reactions were assumed frozen in the stagnation
chamber.

The mean free path in the test-section free stream was approximately 0.015 inch
(0.038 cm). Thus, the Knudsen number was approximately 7.0 based on the sharp-leading-
edge thickness.

Table I shows the nominal tunnel conditions for the tests. The plate was set at
zero angle of attack for all tests and the flap angle varied from 32° to 370. The ratio of
model-wall to stagnation temperature Tw/Tt was approximately 0.10.

The maximum possible error in pressure measurement was +5 percent. In addi-
tion, the data were subject to an uncorrected error of -6 percent maximum due to an ori-
fice effect (refs. 4 and 10).

Test Methods

Pressure tubing from the model was connected to pressure transducers through
remotely controlled valves. In order to minimize contamination from the stream, the
gages were pressurized with dry air to a level higher than the expected measurement just
prior to a test. The tunnel was started and allowed to reach a steady condition (approxi-
mately 15 seconds) whereupon the remotely controlled valves were opened and the gage
pressures allowed to decrease to a steady value. The pressures were continually
recorded on oscillograph tape during this steadying process which usually required 2.5
to 3 minutes. When the traces showed a negligible change with time, the valves were
closed and a pitot probe was inserted into the stream to a point 1 inch (2.54 cm) below
the tunnel center line and 1/4 inch (0.635 cm) upstream of the model nose. The probe
was connected to a pressure transducer through a remotely controlled valve similarly
to the model surface orifices. The probe gage was pressurized to approximately
217.85 1b/ft2 (1333 N/m2), and when the valve was opened, the pressure was observed



to decrease to a steady value in about 5 seconds. The reading of the probe was continu-
ously recorded on the oscillograph tape, and when a steady value was reached, the valve
was closed and the run terminated. All gages were then evacuated and kept under vac-
uum until the next test. The stagnation enthalpy was determined from measurements
made at the end of the test to minimize any error due to enthalpy change with time.

The oil flow tests were not made simultaneously with the pressure tests since the
oil patterns became very faint in the length of time required for the pressures to reach
a steady value. Consequently, each oil flow pattern was obtained during a separate test
with the same model geometry.

Prior to an oil pattern test the model was cleaned and dotted with small drops of
diffusion-pump oil tinted with Prussian blue pigment. The tunnel startup procedure was
altered in order to expose the model to the airstream a minimum length of time before
the arc fired. This startup time usually took from 2 to 3 seconds and the oil pattern
showed negligible change during this time. As soon as the arc was fired, the oil dots
began to move and reached a steady position in approximately 20 seconds. The tunnel
was then shut down with no noticeable change in the pattern occurring during the shutdown
procedure. The model was removed from the test section, photographed, cleaned, and
reinstalled for the next test.

RESULTS AND DISCUSSION

Three-Dimensional Effects

The flat-plate model used in the present tests had an aspect ratio of approximately
0.70. Although a larger aspect ratio was desirable, the span of the model could not be
increased beyond 4 inches (10.16 cm) because of tunnel blockage. End plates were used
to restrict the spanwise flow of fluid on the model and oil flow tests were made to deter-
mine the edge effects.

Figure 4 shows typical oil flow patterns for both sharp- and blunt-leading-edge
models. Two sizes of end plates were tested and results from both are shown in figure 4
as well as the case with no end plates.

The streamlines on the model without end plates indicate a lateral flow of fluid on
the plate and on the flap. Very little separation is present on either the blunt or the sharp
plate. The addition of small end plates reduces the divergence of the streamlines on the
aft portion of the plate but does little to improve the flow over the forward portion. The
flow on the sharp plate appears to be considerably more parallel than that on the blunt
plate. The flow over the flap for both sharp and blunt leading edges still shows strong
edge effects, particularly near the trailing-edge corners. Separation appears to have



moved forward, especially near the model—end-plate junction where a curved line of
separation is formed.

The large end plates eliminate the edge venting effect. Both the blunt- and sharp-
leading-edge models show the outboard streamlines curving in on the rearward portion
of the model; however, the central portion shows fairly uniform flow. The flap still shows
three~-dimensional flow in spite of the end plates.

The addition of the end plates has apparently affected the flow over the model in
two ways: First, the end plates limit the spanwise venting of air from the central region
of the model and thus allow the separation bubble to grow larger. Second, the end plates
create a corner flow in the area near the model—end-plate junction. The flowing gas in
this corner has lower momentum, and consequently, with the flap deflected the flow sepa-
rates from the model surfaces sooner than at midspan. The higher pressure separated
fluid in the corners then forces nearby streamlines in toward the lower pressure unsepa-
rated flow in midspan.

Figure 5 shows the effect of the end plates on the measured pressure distributions.
The beginning of interaction moves forward for both blunt- and sharp-leading-edge models
as the end-plate size increases. For the blunt-leading-edge model, the plateau level
changes from an inflection point to a well-defined plateau as the end-plate size increases.
The changes for the sharp-leading-edge model are not as large, but the inflection point
does broaden and approach a constant-pressure plateau.

The outboard pressures shown in figure 5 are from locations 1 inch (2.54 cm) on
either side of the model center line. The difference between the center and outboard
pressures was a maximum of 20 percent. Since the outboard orifices were located in the
initial interaction region where the pressure was rapidly changing from the undisturbed
level to the plateau level, slight variations in the extent of separation in the spanwise
direction could easily cause an appreciable difference between the center and outboard
measurements. Close examination of the pressure distribution and oil flow patterns in
figures 4 and 5 indicates that a spanwise change in the separation point of the order of
Ax/L = 0.035 would result in a spanwise pressure variation of 20 percent.

In summary, three-dimensional flow existed on the present model, both on the flap
and on the plate. However, oil flow patterns indicate that with the large end plates on the
model, the central region of the plate experienced essentially two-dimensional flow. The
large end plates eliminated the edge venting effect on the plate and increased the size of
the separation bubble. The flow over the flap showed spanwise variations that were not
eliminated by the addition of end plates.



Flap-Chord Effects

The present tests were conducted at low Reynolds numbers with correspondingly
thick boundary layers. The boundary-layer thickness at the hinge line for an unseparated
flow over the present model was calculated by the method of reference 11 to be approxi-
mately 0.7 inch (1.78 cm). A boundary layer of this thickness approaches the height of
the flap above the model surface. Even at the highest flap angle tested the boundary-
layer thickness at the model hinge line was 78 percent of the flap height. The total length
of the flap was approximately twice the boundary-layer thickness. A chord extension
plate that lengthened the flap by 33 percent was installed but resulted in tunnel blockage
problems and thus could not be used. The measured peak pressures on the basic flap
with the blunt-leading-edge model were as much as 10 percent lower than the calculated
inviscid wedge pressure. This indicates that the flow upstream was being influenced by
the flap trailing edge. Oil flow patterns indicated that reattachment, at its most down-
stream location, occurred at approximately 57 percent of the flap chord.

Pressure Distributions

Figure 6 shows typical pressure distributions at various flap angles for both blunt
and sharp leading edges. At the lowest flap angle, separation is not well developed;
that is, there is no constant-pressure plateau region. As the flap angle increases, the
beginning of interaction moves forward and the plateau region becomes more evident.
References 1 and 2 show examples of what Album (ref. 1) terms ""partially developed"
separation; that is, the plateau region reduces to an inflection point. As the size of the
separation region increases (increasing flap angle here), the region changes to the "well-
developed" state. Reference 2 suggests that the lack of a plateau in partially developed
separation is a result of the upstream influence of the reattachment process. The results
in reference 2 were for separation ahead of forward-facing steps, and pressure plateaus
were found only for large step heights.

The sharp-leading-edge pressure distributions shown in figure 6(b) indicate that the
boundary layer was separated but did not reach the well-developed state in the range of
conditions studied. Oil flow studies confirm this result. The rarefaction parameter
\_TOO,L is quite high for these tests, about 0.15. Reference 12 indicates that for a rare-
faction parameter of approximately 0.16, the flow over a flat plate is in the merged-flow
regime with slip flow at the wall and a greatly thickened viscous layer extending to the
shock wave. Certainly a portion of the present model experienced this type of flow, and

quite possibly slip flow at the wall occurred over the entire length of the plate.

If slip flow does occur, the velocity profile near the wall is slightly fuller and the
fluid has correspondingly higher momentum and, as a result, penetrates farther into the
adverse pressure gradient generated by the deflected flap. The thick viscous layer has



the effect of reducing the effectiveness of the flap by ""smoothing' over any obstruction to
the flow. It is reasonable, then, to find less separation on the sharp-leading-edge plate
at these conditions than at higher density conditions. In fact, the size of the separation
bubble appears to be reduced to a scale comparable with the blunt-leading-edge results.
Reference 4 indicated no separation on a sharp plate at flap angles as high as 35° where
Voo,L was approximately 0.20 for a model chord of 2.5 inches (6.4 cm). For the pres-
ent tests, the chord was almost twice that of reference 4.

Extent of Separation

Separation lengths were obtained from the oil flow patterns, and figure 7 shows the
variation of the separation and reattachment points as well as the bubble length with flap
angle. The points are not exactly defined by the oil flow patterns and are represented by
a band within which separation or reattachment could occur.

The separation point for both the blunt and sharp leading edges moved nearly lin-
early upstream with increasing flap angle.

The reattachment points for the sharp-leading-edge tests generally occur slightly
downstream of the blunt-leading-edge results, as shown in figure 7. The net result is that
the bubble length is slightly longer for the sharp leading edge than for the blunt leading
edge. Again, it must be noted that the differences between the sharp and blunt results are
small and the conclusions are subject to the interpretation of the oil flow photographs.

Plateau Pressure Correlations

Since there are several correlation forms for the plateau pressure available in the
literature, the present data have been applied to three of these correlations in order to
test their validity with respect to low-density, high-temperature data. Perhaps the most
familiar of these correlations is that presented in reference 13. This correlation, shown
in figure 8, is usually considered valid for flat plates at low supersonic Mach numbers
with moderate boundary-layer cooling; however, in the present high Mach number, highly
cooled case, it graphically shows the relationship of the present data to data from refer-
ences 3, 4, 13, and 16 to 21. Although almost two orders of magnitude lower in Reynolds
number than most previous data, the present blunt-leading-edge results show fair agree-
ment with linear theory (shown as the solid line). Previous low-density data obtained in
the same facility as the present data show similar agreement. The present sharp-leading-
edge results also show fair agreement with linear theory, in spite of the fact that separa-
tion was not completely developed and the plateau pressure was estimated from the inflec-
tions in the pressure distributions.

The same correlation in a slightly different form is shown in figure 9, which is from
reference 14. The skin-friction coefficient for use with the present data was calculated by

9



the method of reference 11. An average of measured wall temperature was used. This
correlation of high Mach number data is somewhat better than that in figure 8 and the
present blunt-leading-edge results are in closer agreement with other data (refs. 13, 18

to 20, 22, and 23).

Since the correlation of figure 9, or its more restrictive form in figure 8, was
developed from the principle of free interaction, agreement with this correlation implies
that free interaction does exist. The term ''free interaction'' means that the interaction
of the inviscid flow with the viscous flow depends only on conditions at the beginning of
the interaction. This is obviously true in figure 9 since data for wedge, step, and curved
corners all correlate reasonably well and thus indicate that the downstream geometry is
unimportant. Reference 1 empirically extended the principle of free interaction to the
case of separation of a thick, slightly rarefied boundary layer with upstream tip bluntness
effects. The present blunt-leading-edge data offer some confirmation of this extension
with considerably larger bluntnesses.

Figure 10 shows a somewhat different type of correlation utilizing viscous, hyper-
sonic similitude parameters from reference 15 as suggested by Holden (ref. 5). The
present data correlate well and the sharp-leading~edge data extend the correlation almost
two orders of magnitude below the data of reference 5. The slope of the faired line in
figure 10 is very nearly -3 (the actual value is -2.87). Using the approximate value of -3
and writing the equation of the line yields values of pp o independent of nose bluntness.
but which are a linear function of X . The parameter p P, when plotted against
Xe,o shows large scatter and thus 1nd1cates that the bluntness parameter is more impor-
tant than the slight deviation of the power from the value -3 would indicate. Figure 11
shows the results of using the actual value of the slope and writing the equation of the
line shown in figure 10. The bluntness parameter appears to a small power; and the
viscous interaction parameter, to a power slightly larger than unity. From figure 11 it
is clear that nose bluntness has a small but significant role on the plateau pressure.

CONCLUSIONS

An investigation has been made of the separation of a high-temperature, low-density,
hypersonic, laminar boundary layer on a flat plate with a trailing-edge flap. Tests were
made to determine the pressure distributions and the size of the interaction region on the
plate for both blunt and sharp leading edges. The results of the investigation indicate the

following:

1. The addition of full-length end plates on the model significantly increased the size
of the interaction region. Oil flow patterns indicated nearly two-dimensional flow in the
central region of the flat plate with full-length end plates attached. The flow over the
trailing-edge flap was three-dimensional both with and without end plates.

10



2. In relation to laminar-separation data in the literature at higher density,
boundary-layer separation was delayed on the sharp-leading-edge flat plate at the low-
density conditions of the present tests. Values of the rarefaction parameter indicate that
the flow over the plate is in the merged-layer regime with slip flow at the wall. The size
of the separation bubble for both blunt and sharp leading edges is comparable even though
for the blunt case the local Mach number was approximately 3.5 and the local Reynolds
number was about 1.5 percent of the sharp-case value.

3. The measured plateau pressures for the blunt-leading-edge plate correlated
using linear free-interaction-theory parameters. The correlation implies the existence
of free interaction at the low-density conditions encountered in the present tests.

4. Viscous hypersonic similitude parameters correlate plateau pressure data for
both blunt- and sharp-~leading edge models and indicate that the plateau pressure depends
primarily on the viscous interaction parameter and weakly on nose bluntness.

Langley Research Center,

National Aeronautics and Space Administration,
Langley Station, Hampton, Va., February 20, 1970.
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TABLE I.- NOMINAL TUNNEL TEST CONDITIONS

Quantity

Stagnation pressure

Stagnation enthalpy
Free-stream Mach number
Free-stream Reynolds number
Free-stream pressure

Mean free path

U.S. Customary
Units

4.95 X 104 1b/1t2

2000 Btu/lbm

14.5

2.5 x 104 per ft

9.1 X 10-2 1b/ft2

0.015 inch

SI Units

2.36 MN/m?2

4.65 MJ/kg

14.5

8.2 X 104 per meter
4.36 N/m2

0.038 cm
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Figure 4.- Oil flow patterns. 6 =379, M, = 145; R = 2.5 % 104 per ft (8.2 X 104 per m). L-70-1526
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Figure 5.- Effect of end-plate geometry on pressure distribution. & = 370, M= 145; R,= 25X 104 per ft (8.2 X 104 per m).
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Figure 8.- Plateau-pressure-coefficient correlation with Reynolds number.
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Figure 9.- Plateau-pressure correlation.
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Figure 10.- Correlation of faminar plateau pressure with combined bluntness—viscous-interaction parameter.
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